Biofilms are closely packed cells held and shielded by extracellular matrix composed of structural 20 proteins and exopolysaccharides (EPS). As matrix components are costly to produce and shared 21 within the population, EPS-deficient cells can act as cheaters by gaining benefits from the 22 cooperative nature of EPS producers. Remarkably, genetically programmed EPS producers can 23 also exhibit phenotypic heterogeneity at single cell level. For instance, mature biofilms of Bacillus 24 subtilis contain cells in an 'ON' state, expressing extracellular matrix genes, as well as cells in an 25 'OFF' state. Previous studies have shown that spatial structure of biofilms limits the spread of 26 cheaters, but the long-term influence of cheating on biofilm evolution is not well understood. In 27 addition, the influence of cheats on phenotypic heterogeneity pattern within matrix-producers, 28 was never examined. Here, we describe the long-term dynamics between EPS producers 29 (cooperators) and non-producers (cheaters) in B. subtilis biofilms and track changes in 30 phenotypic heterogeneity of matrix production within the populations of co-operators. We 31 discovered that cheater-mediated evolution in pellicles leads to a transient shift in phenotypic 32 heterogeneity pattern of co-operators, namely an increased number of eps expressing cells as 33 depicted by hyper ON phenotype. Although hyper ON strategy seems adaptive in presence of 34 cheats, it is soon substituted by hyper OFF phenotype and/or soon after by population collapse. 35 This study provides additional insights on how biofilms adapt and respond to stress caused by 36 exploitation in long-term scenario. 37 38 SIGNIFICANCE STATEMENT 39 Microbial biofilms are significant in medical, environmental and industrial settings. Biofilm 40 control strategies have been proven to be challenging due to their increased resistance to 41 antimicrobials. Here, we employ a cheater-mediated evolution study in Bacillus subtilis pellicles 42 to understand in long-term scale how biofilms' social behavior evolves as triggered by stress. We 43 show that evolution of matrix-producing cells (cooperators) in the presence of non-producers 44 (cheaters) leads to a cheating strategy that allows cheaters to benefit from cooperators, that 45 subsequently result to population tragedy. However, cooperators can also adapt and evade 46 exploitation via an anti-cheating system that involves shift in phenotypic heterogeneity related 47 to biofilm matrix expression. This study highlights biofilm adaptation and stress response 48 mechanisms within the context of evolution. 49 50 65 commons' (4, 26, 27). 66 Taken together, biofilms are suitable model to understand social interactions in an evolutionary 67 time scale (23, 28-31). Modelling and empirical data confirm that mutualism (beneficial to both 68 actor and recipient) and altruism (beneficial to recipient but not to actor) play crucial role in 69 biofilm enhancement (32) but at the same time can lead to biofilm destabilization (25). Can 70 Exopolysaccharide (EPS) is a costly public good in Bacillus subtilis biofilms (10, 18, 37) and is 88 heterogeneously expressed during biofilm formation with approximately 40% of cells exhibiting 89 the ON state (37, 38). We aimed to investigate the long-term dynamics between EPS producer 90 (cooperator) and EPS deficient (cheater) cells and assess cheat-dependent alteration related to 91 phenotypic heterogeneity in eps expression by the producer. 92 We reveal, that initial cheating mitigation by the EPS producers involves shift in phenotypic 93 heterogeneity towards increased frequency of eps-expressing cells, which is achieved by loss-of-94 function mutation in a single regulatory gene. We also demonstrate, that although 'hyper ON' 95 phenotype helps to reduce cheating, it is rapidly replaced by hyper OFF strategy, which, 96 378 Pseudomonas fluorescens in soil. Biol Lett 11:20140934. 379 8. Weigert M, Kümmerli R (2017) The physical boundaries of public goods cooperation 380 between surface-attached bacterial cells. Proc R Soc B Biol Sci 284:20170631. 381 9. Dragoš A, Kovács ÁT (2017) The peculiar functions of the bacterial extracellular matrix. 382 Trends Microbiol 25:257-266. 383 10. Martin M, et al. (2017) De novo evolved interference competition promotes the spread 384 of biofilm defectors. Nat Commun 8:15127. 385 11. Folse HJ, Allison SD (2012) Cooperation, competition, and coalitions in enzyme-386 producing microbes: Social evolution and nutrient depolymerization rates. Front 387 Microbiol 3:338. 388 12. Popat R, et al. (2012) Quorum-sensing and cheating in bacterial biofilms. Proc R Soc B Heterogeneous Hyper OFF Hyper ON WT ∆eps Key mutations: ∆eps WT eps expression in WT Population frequency collapse LEGEND:
INTRODUCTION
Cooperative interactions are prevalent for all life forms (1), even for simple microbes that often 52 exist in communities of matrix bound surface-attached cells called biofilms (2-6). However, when 53 costly products such as siderophores (7, 8), extracellular polymeric substances (9, 10), digestive 54 enzymes (11), and signaling molecules (12, 13) are secreted and shared, cooperative behavior 55 becomes susceptible to cheating (2, 14-16), where mutants defective in cooperation can still 56 benefit from cooperative community members (4, 5, 17). It has been shown that spatially 57 structured biofilms, where interactions with clonemates are common and diffusion of public 58 goods is limited, may serve as natural defense against cheating (18) (19) (20) . However, long time scale 59 studies have recently reported that biofilm defectors can spontaneously emerge and spread in 60 biofilms by exploiting other matrix-proficient lineages (21-24). In fact, a pioneering microbial 61 evolution study on Pseudomonas fluorescens has already pointed towards dynamic evolutionary 62 interplay between cooperation and exploitation in biofilm matts (25), where emergence of 63 cellulose overproducer (Wrinkly) allowed matt formation, but also created an opportunity for 64 exploitation by non-producers (Smooth), eventually leading to so called 'tragedy of the cooperators evolve tactics to evade exploitation and in turn, can cheats utilize evolution to 71 enhance their selfish actions? 72 Recent studies showed that in well-mixed environment, cooperators adapt to cheats by reducing 73 cooperation (14, 15, 33) . Such reduction could be achieved by various strategies, for instance 74 decrease in motility (15), down regulation or minimal production in public goods (14, 15, 33) , up-75 regulation of other alternative public goods (14), or bi-stable expression in virulence gene (2). 76 Interestingly, populations of cooperators often exhibit phenotypic heterogeneity at the single 77 cell level (34, 35) . Therefore, an alternative and simple mechanism to modulate levels of 78 cooperation in a population, would be through changes in phenotypic heterogeneity pattern. 79 However, the long-term effects of cheats on costly goods' expression at individual cell level have 80 never been examined. Understanding how heterogeneity of gene expression within the 81 population is affected in the presence of cheats would provide better insight on microbial 82 adaptation and stress response mechanisms. 83 Here, we address this question using pellicle biofilm model of Bacillus subtilis. Pellicle formation 84 in B. subtilis involves, amongst others, aerotaxis driven motility and subsequent matrix 85 production (36). Aerotaxis is important for oxygen sensing to aid cells reach the surface, while 86 matrix formation is significant to sustain cells to adhere to the surface and to each other. 87 combined with certain mutations in EPS deficient strain, results in tragedy of the commons and 97 population collapse. Our study uncovers an alternative anti-cheating mechanism based on 98 changes in phenotypic heterogeneity and highlights meandering trajectories prior cooperation 99 collapse. Long-term cheating in pellicle biofilms leads to population collapse 104 Exopolysaccharide EPS is one of the major components of B. subtilis biofilm matrix and mutants 105 deficient in EPS production (∆eps) are not able to form pellicle biofilms (SI Appendix, Fig. S1A and 106 S1B). Since it was previously demonstrated that EPS can be shared (10, 18, 37), we predicted that 107 ∆eps would be able to take advantage of EPS-producing wild type (WT) and incorporate into the 108 pellicle biofilm. Indeed, when co-cultivated with the WT (at 1:1 initial ratio), the ∆eps became 109 part of the pellicle with negative impact on WT productivity (SI Appendix, Fig. S1b ). In addition, 110 presence of the mutant resulted in decreased level of surface complexity as typical wrinkly 111 structures were absent in the mixed pellicle (SI Appendix, Fig. S1a ). These results reveal that the 112 Δeps serves as cheater in the pellicle biofilms by taking advantage of the EPS producer strain. 113 In order to examine long-term population dynamics in co-culture of EPS producers (wild type-114 WT) and cheats (∆eps), we allowed 8 parallel pellicle populations of ∆eps+WT to evolve for 35 115 cycles (~200 generations) starting at 1:1 initial ratio. Every 5 th transfer, we determined relative 116 frequencies (%) of both strains in the pellicles using plate count assay (CFU/ml). The results 117 revealed that cheats were able to outnumber the producer strain, eventually leading to 118 decreased productivity of the entire population, as pellicle formation was no longer possible 119 ( Fig. 1) . Such scenario was observed in 6 out of 8 populations and will be referred to as 120 population collapse ( Fig. 1) . Evolutionary time points when a collapse occurred varied among 121 the population, for instance in population 1 and 7, the collapse was observed after 30 th transfer while in population 2 it took place already after 10 th transfer. No collapse was observed for 123 populations 5 and 8, where cheats coexisted with WT until the end of the evolution cycle (35 th ). 124 We also observed different patterns of how productivity of the WT changed when evolved in 125 the presence of cheats ( Fig. 1) . A "decline-collapse" trend was noticed for populations 2, 3 and 126 4, wherein the WT continuously declined and then proceeded to population collapse after 5 th , 127 15 th and 10 th transfers, respectively. For populations 1, 6 and 7, we witnessed a "decline-128 recovery-collapse" pattern. Finally, we detected a "decline-recovery-no collapse" model for Previous studies have shown that cooperators can adapt to presence of cheats for example by 134 decreasing the amount of released public goods and therefore minimizing cheating opportunities 135 (2, 14, 15). As B. subtilis exhibits phenotypic heterogeneity in eps matrix gene expression (37, 38) 136 (SI Appendix, Fig. S2 ), we investigated how such heterogeneous expression is influenced by the 137 presence of cheats in an evolutionary perspective. Using confocal laser scanning microscopy, 138 qualitative assessment of randomly selected isolates revealed that early populations of the EPS 139 producers (5-10 transfer) which co-evolved with cheats exhibited a so called hyper ON 140 phenotype, where the fraction of eps expressing cells was largely increased as compared to the 141 ancestral strain (SI Appendix, Fig. S2 ). On the contrary, evolution in the absence of ∆eps mostly category across the entire evolutionary time (5-35 th transfer) ( Fig. 2.) . On the contrary, in some 149 co-evolved WT populations (population 3, 5 and 7) the distributions widened at the 10 th transfer 150 ( Fig. 2) , resulting in increased frequency of hyper ON isolates (Fig. 2) . A transient increase of 151 hyper ON phenotype frequency appeared rather temporary, as it was followed by dramatic 152 increase in frequency of hyper OFF phenotype in later evolutionary time points (Fig. 2. ). Mutation in rsiX contributes to competitive advantage of producer strains against cheats 172 As mutation in rsiX resulted in hyper ON phenotype that may be linked to elevated secretion of 173 EPS, we hypothesized that ΔrsiX producers could support the spread of cheats and contribute to population collapse scenario ( Fig.1 ). To better understand how ancestor WT and ΔrsiX interact 175 with Δeps, we cultivated the Δeps in presence of EPS-containing supernatants obtained from the 176 WT and ΔrsiX (SI Appendix, Fig. S4 ). Both supernatants could partially restore pellicle formation 177 by Δeps resulting in similar productivities of Δeps, thereby not supporting our hypothesis on 178 improved performance of the mutant in presence of hyper ON ΔrsiX strain. 179 In order to determine the effect of rsiX deletion on fitness of the WT in presence of cheats, we 180 performed a series of competition assays. Apparently, the ∆rsiX showed two-fold increase in 181 relative frequency (40%) ( Fig. 4 and SI Appendix, Fig. S5 ) when competed against the ∆eps, as 182 compared to the WT ancestor (20%). 183 It is worth to mention that we could not detect any significant fitness costs or benefits linked to 184 rsiX deletion in pairwise competition between ΔrsiX and WT (SI Appendix, Fig. S5 ; relative fitness 185 of ΔrsiX = 1.00 ±0.02 S.D.). Furthermore, we did not observe significant differences in 186 productivities of WT and the hyper ON ΔrsiX mutant, when grown in monoculture pellicles (SI 187 Appendix, Fig. S3 ), suggesting that positive effect of rsiX mutation only manifests in presence of 188 cheats. 189 Relative frequencies of the evolved WT strains carrying hyper ON phenotype and specific 190 mutations in rsiX were even higher (average ranged from 58% to 99%) as compared to ∆rsiX 191 carrying ancestral genetic background ( Fig. 4, Fig. S6 ). Remarkably, the significant fitness 192 improvement of the WT evolved with cheats was already observed in 5 th transfer and 10 th 193 transfer, mutually with an early occurrence of hyper ON phenotype in those populations. This 194 was not the case for the WT evolved alone at 5 th transfer (20%), where a remarkable fitness 195 increase (average ranged from 87% to 94%) could only be observed in later evolutionary time 196 point ( Fig. 4 and SI Appendix, Fig. S6 ). These results suggest that the early improvement in 197 competitive strategies against cheats are caused by the rsiX mutation and other mutations 198 associated with hyper ON phenotype, while in later evolutionary time points this effect can be 199 amplified by cheating-independent adaptation to the medium. Interestingly, frequencies of Δeps in pellicles formed by the ancestor or evolved matrix producers, did not manifest in productivity 201 assay ( Fig. 4b ). These suggests that hyper ON phenotypes are vested on the increase in eps-202 expressing cells or limiting the spread of cheats but do not result in an increase in total yield. 203 204 sinR mutation negatively affects the competitive advantage of cheats 205 Interestingly, evolved cheaters that were isolated from the same populations as rsiX mutation 206 containing matrix producers (i.e. populations 3 at 5 th and 10 th transfers and 7 at 10 th and 30 th 207 transfers), harbored a sinR mutation of an amino acid substitution from Leucine 1 to Tryptophan 208 (SI Appendix, Dataset S1). Therefore, we anticipated that the mutation may influence 209 competitive fitness of the Δeps against the WT matrix producer. The sinR gene encodes for a 210 transcriptional repressor and biofilm master regulator that controls the operons epsA-O and 211 tapA-sipW-tasA for matrix exopolysaccharide and protein component, respectively (40). 212 Interestingly, our results showed that the evolved ∆eps with an ancestor sinR (Δeps sinR WT ) 213 performed better against the WT ancestor as compared to evolved ∆eps that carried sinR 214 mutation (∆eps sinR Leu1Trp ) ( Fig. 5 and SI Appendix, Fig. S7 ), suggesting that mutation in sinR could 215 prevent the spread of cheats in the evolved populations, especially at early stage of co-evolution 216 ( Fig. 4 and SI Appendix, Fig. S6 ). Interestingly, the impact of sinR mutation in Δeps is nearly lost properties (45, 46), its increased abundance could trigger stress response in the co-operator, 270 selecting for rsiX mutation. This could explain the synchronous appearance of rsiX mutations with 271 hyper ON phenotypes in evolved cooperators and sinR mutations in evolved cheaters. 272 In contrast to previous studies, that addressed long term cheating on diffusible siderophores, we 273 explored evolutionary interplay between biofilm producers and non-producers in structured 274 environment. Our results support previous observations on evolution of specific cheating-275 resisting mechanisms in co-operators, pointing towards ubiquity of this phenomenon. In 276 addition, our work brings up two major findings 1) matrix producers can adapt to matrix non-277 producers by shifting phenotypic heterogeneity towards increased number of matrix-expressing cells 2) hyper ON anti-cheating strategy is a short-term solution, which can either be replaced by 279 another, yet unknown strategy linked to hyper OFF phenotype, or followed by tragedy of the 280 commons. As recently demonstrated, alternative EPS-independent biofilm formation strategies 281 can emerge by single amino acid change is TasA (47). It remains to be discovered whether shifts 282 in phenotypic heterogeneity in response to long term cheating is general phenomenon that 283 applies to different types of public goods. Broth (Lennox), Carl Roth, Germany), while 2´SG medium was used for biofilm induction (10). 293 The ∆eps strains (TB608) was created previously (10). Pellicle competition assay 324 Pellicles grown from 1:1 ratio of competing strains and incubated for two days were subjected 325 to competition assay as previously described (10). 
